Rop is a four-helix-bundle protein formed by the association of two helix-loop-helix monomers. The short helix-connecting loop was replaced with a series of polyglycine linkers of increasing length. These mutant proteins all appear to fold via the same general mechanism as that of the wild-type protein, even at the longest loop lengths. Replacement of the wild-type two-residue loop (Asp-Ala) with a (Gly-Gly) linker accelerates both unfolding and refolding rates. These changes in folding and unfolding kinetics likely indicate an alteration in the energy of the transition state. As the length of the glycine linker is further increased, the unfolding rate increases while the refolding rates decrease. The in¯uence of loop length is not limited to these rates, but also impacts upon the stability of the folding intermediate. These dependences underscore the importance of loop closure and help re®ne the model for Rop's folding, implicating a dimeric intermediate involving hairpin formation. These observations show that loop alteration may be useful as a general technique for dissecting protein folding pathways.
Introduction
A frequently debated question in the ®eld of protein folding is the importance of turn and loop regions. Are they mere connectors between elements of secondary structure, or do they play a more active role in determining the folding pathway and in specifying the ®nal folded structure? Interactions between loops and other regions of proteins have been predicted to contribute signi®-cantly to the energetics of protein folding (Chou et al., 1992) , and the formation of loops or turns has been postulated to drive the initiation of protein folding (Wright et al., 1988) . Previous studies have addressed these issues by swapping loop regions from one protein with that of another, or by modifying the loop sequence and/or length.
Some swap experiments clearly demonstrate the interchangeability of loop regions from different proteins, while other examples have shown that modi®cations of these regions can in¯uence protein expression levels, solubility, stability and activity (Helms & Wetzel, 1995; Jung & Plu È ckthun, 1997) . A number of proteins can accommodate substantial changes in the sequence and length of turns and loops while retaining native fold and function, whereas others possess highly speci®c requirements (Brunet et al., 1993 , Ybe & Hecht, 1996 Zhou et al., 1996) . The degree of tolerance depends on the particular protein and the location and nature of the turn or loop.
Even though changes in loop regions do not actively alter the speci®c fold of many proteins, these alterations could affect folding kinetics. The in¯uence on kinetics of disul®de bond formation, which can be thought of as an analogous process to loop closure, has been studied extensively: entropic effects are important in oxidative folding reactions (Eyles et al., 1994; Price-Carter et al., 1996; Zhang & Goldenberg, 1997a,b; Zhang et al., 1994) . Loop formation during folding also generally involves a large reduction in the conformational entropy of the polypeptide chain.
Different protein folding models place varying levels of importance on loop formation. At one end of the spectrum, folding is entirely dependent on the assumption of secondary structure, which then associates to form tertiary structure; loops act as passive tethers (Kim & Baldwin, 1990) . At the E-mail address of the corresponding author: Lynne@nero.csb.yale.edu Abbreviations used: Cm, concentration midpoint of the equilibrium stability to GuHCl of the native protein; CI-2, chymotrypsin inhibitor-2; GuHCl, guanidine hydrochloride; k u , k f , unfolding and refolding rate constants; k u 0 , k f 0 , rate constants in the absence of denaturant.
other extreme, folding is driven exclusively by hydrophobic collapse, beginning with the loose grouping of the hydrophobic core residues before the assumption of secondary structure; loops could play a more active role in bringing together distant regions of a polypeptide chain. There are examples of protein folding that typify the extremes of the continuum: ribonuclease for local interactions (Udgaonkar & Baldwin, 1988) and barstar for hydrophobic collapse (Agashe et al., 1995; Nath & Udgaonkar, 1997) , with the majority of proteins falling somewhere between the two extremes. Loops are given explicit consideration within the diffusion-collision model (Karplus & Shakhnovich, 1992; Karplus & Weaver, 1994) , where the assumption of structure is necessarily driven by the diffusion, collision, and interaction of nascent structural elements: longer loops reduce the chance for a productive folding event.
Here, we describe studies of the effect of loop length on the folding kinetics of the dimeric protein Rop. In previous studies we examined the structural properties and equilibrium stabilities of a series of Rop variants in which the wild-type two-residue loop (Asp-Ala) between helices 1 and 2 is replaced by a polyglycine linker up to ten residues in length (Figure 1 ) (Nagi & Regan, 1997) . All of these proteins fold into native-like, dimeric structures. They retain Rop's natural RNA-binding function, which suggests that their structures have not been signi®cantly perturbed by the introduction of the longer loops. As the length of the loop increases, the equilibrium stability of the protein decreases, exactly as predicted by consideration of the entropy of loop closure. It is more entropically costly to bring the ends of a long loop together than the ends of a short loop.
Using this family of mutants in a series of stopped-¯ow¯uorescence experiments, we examined the folding pathway of Rop and attempted to answer the following questions: Do loops play roles in protein folding, actually pulling together regions of structure, or are their roles more passive? Does loop length alter the rates of folding or perturb the folding pathway? If changes are observed, which speci®c element(s) of the pathway are affected? The loop-length mutants fold via a mechanism similar to that of the wild-type protein, but with striking differences in the rates of folding and unfolding. We can use these observations to obtain additional information about the pathway and nature of intermediates involved in the folding process.
Results
Stopped-¯ow¯uorescence was used to follow the folding kinetics of wild-type Rop and a series of loop-length variants. The signal re¯ects the changes in the environment of a single tyrosine residue in each monomer (residue 49, located at the interface of helix 1 and helix 2). Solvent accessibility calculations were used to compare the environment of this residue in the folded dimer to its modeled environment in a hypothetical folded monomer. Based on these calculations, the tyrosine residue is buried in both forms. The observed change in¯uorescence intensity thus most likely reports on the association of helix 1 with helix 2, in either a monomer or a dimer. Fluorescence intensity increases upon protein folding, with no change in l max .
Wild-type folding kinetics
Before detailing the effects of the altered looplength Rop variants, it is important to describe the folding of the wild-type protein. When refolding to low concentrations of GuHCl (guanidine hydrochloride), wild-type Rop displays biphasic refolding kinetics. As the refolding GuHCl concentration is increased, the observed amplitude of the fast phase decreases, and that of the slow phase increases. This behavior continues until a speci®c concentration of GuHCl is reached, at which point the data ®t better to a single exponential, with its amplitude approximately equal to the sum of the two phases that are observed at lower GuHCl concentrations. We propose that this shift from biphasic to monophasic kinetics re¯ects the destabilization of an intermediate at higher concentrations of GuHCl.
One can monitor the relative amplitude, the fraction of total signal attributed to each phase, as a function of denaturant concentration. This dependence resembles an equilibrium denaturation curve, and can be analyzed in a similar fashion. If the amplitude of the fast phase represents formation of an intermediate, the GuHCl dependence provides information about the stability of the intermediate. Comparison of the stability of the intermediate and native forms of the wild-type protein reveals striking differences between the two states ( Figure 2 ). The denaturation curve derived from the amplitude of the fast phase reveals a species with different stability (decreased by approximately 4 kcal mol À1 ) than the native protein, strongly suggesting that the fast phase represents the formation of a distinct intermediate with a stability that is considerably less than that of the native protein.
An alternative interpretation of the observed data is that the fast phase represents the rapid onestep assumption of the native structure by a subpopulation of the total protein. Because¯uor-escence provides a measure of protein structure averaged over the entire sample of molecules, one cannot directly differentiate between an ensemble of identical partially folded intermediates and a mixture of unfolded and native species. A series of double-mixing experiments, described in detail in the Materials and Methods, con®rm that the intermediate¯uorescence intensity observed derives from an intermediate species rather than from a mixture of unfolded and native forms of the protein.
In these experiments, the refolding of GuHCldenatured protein was initiated and allowed to proceed for a time longer than the duration of the fast phase, but shorter than the slow phase. Unfolding was then initiated by rapid addition of a GuHCl-containing buffer. Concentrations were selected for the second mixing step to yield a ®nal GuHCl concentration in which the intermediate would unfold but the native form would remain folded. Upon double-mixing in this fashion, a rapid (k 3.6 s À1 ) unfolding phase is detected ( Figure 3 ). The detection of this phase indicates that the native structure is not fully assumed during the fast phase, but that some additional rearrangement subsequently occurs. It is clear that the phase corresponds to the formation of a species distinct from the native form, because the native protein would not unfold under these double-mixing conditions. This distinction is most important, because it provides conclusive evidence that the increase in¯uorescence intensity seen in the singlemix stopped-¯ow refolding experiments is due to formation of an intermediate, rather than re¯ecting a mixture of unfolded and native protein whose combined signal coincidentally resembles that of a partially folded species.
Folding kinetics of the loop-length mutants
Each of the Rop loop-length mutants mimics the kinetic behavior of the wild-type protein, with biphasic refolding kinetics at low GuHCl, shifting to monophasic as GuHCl concentration increases (Figure 4 ). Representative curves of fast phase amplitudes as a function of GuHCl concentration are shown in Figure 5 , comparing the stability of the intermediate forms of three loop length variants. The intermediate's stability exhibits a dependence on loop length that mimics the dependence on loop length of the stability of the native state. As loop length increases, the stability of the intermediate decreases. This length dependence strongly suggests that loop closure is required for the formation and stability of the intermediate. The most plausible explanation for this dependence is that this step in Rop's folding pathway involves the formation of a hairpin and/or the docking of helix 1 and helix 2. As observed for the wild-type protein, the intermediate is fully destabilized at GuHCl concentrations where the native form of Loop Length Affects Rop's Folding Kinetics the mutant is fully folded. A plot of the logarithms of the rate constants versus GuHCl concentration for the mutants shows linear dependence on GuHCl concentration, with similar slopes for the fast and slow phases.
Two distinct effects on refolding rate can be observed with the loop-length variants. The initial replacement of the native loop with a more¯exible (Gly-Gly) linker results in the increase of both folding rates, to greater than 500 s À1 and 20 s À1 respectively. The second effect becomes apparent as the length of the loop is increased beyond two glycine residues. Each subsequent addition of a glycine residue to the loop leads to increasingly slower rates, with respect to Gly 2 , for both the fast and slow phases of refolding (Table 1) .
Protein concentration dependence
Monitoring the protein concentration dependence of the folding rate reveals critical information about the nature of speci®c steps in a folding pathway: in particular, whether a ratedetermining step is unimolecular or bimolecular. We therefore investigated the effect of varying protein concentration on the fast and slow folding kinetic phases of both wild-type Rop and Gly 6 , a representative mutant of intermediate loop length.
For both proteins, if refolding to a selected GuHCl concentration is monitored at decreasing protein concentrations, the relative amplitude of the fast phase decreases, while that of the slow phase increases. The stability of the observed intermediate is also dependent on protein concentration. At lower protein concentrations, the transition from biphasic to monophasic refolding occurs at a lower concentration of GuHCl. At the lowest protein concentrations, only the slow phase is observed, paralleling the observation of only slow single-phase kinetics at high concentrations of GuHCl. The protein concentration dependence of this event supports a model in which the observed intermediate form of both the wild-type and looplength variant is dimeric rather than monomeric. Higher protein concentrations favor the formation and stability of the dimer, while lower protein concentrations make dimer formation more dif®cult.
At every protein concentration, the stability of the Gly 6 intermediate is lower than the corresponding value for the wild-type intermediate, just as the native form of Gly 6 is less stable than native wildtype Rop. Because of the relative instability of the intermediate, the refolding data can be more readily ®tted to a single exponential at higher protein concentrations. The fast phase of Gly 6 refolding is more dependent on protein concentration than is its slow phase, also reproducing wild-type behavior. Within the range examined, protein concentration has a greater effect on the mutant than the wild-type. This most likely does not indicate a difference in the folding mechanism between the wild-type and the loop-length mutants, but rather is a re¯ection of where the experimentally sampled range lies on the folding rate versus protein concentration curve. In this range, a unimolecular co-rate limiting step is more pronounced and in¯uential in the wild-type, while Gly 6`s folding is more affected by collision of monomers.
Unfolding kinetics
The unfolding of wild-type Rop occurs via a single phase at all concentrations of GuHCl, with no detectable intermediates. The GuHCl-induced unfolding of each loop length variant also ®ts well to a single exponential.
As loop length is systematically increased, k u increases. All of the unfolding rates are markedly faster than that of the wild-type, and the plots of ln k u versus GuHCl are linear ( Figure 6 ). There is a distinct difference in the slope of the lines for wildtype and Gly 2 , and between Gly 2 and Gly 3 , while those of Gly 3-9 are approximately equal (and close to the slope of the wild-type). These slopes provide a measure of surface area exposed upon unfolding between the folded state and the transition state. The differences between the wild-type and Gly 2 , and Gly 2 and Gly 3 , can be interpreted in this manner. The initial introduction of the¯exible glycine loop has a profound impact on the structure of the transition state, and is re¯ected in the different slopes. Increasing the loop length to three glycines and beyond does not perturb the transition state further, but has more limited effects on the unfolded and folded states.
Discussion Loop length and its effects
The alteration of Rop's native loop perturbs both its folding and unfolding kinetics, and affects the unfolded and intermediate states as well as the native form of the protein. The most dramatic effects are seen when the wild-type loop is replaced with two glycine residues. The rates of refolding phases and the unfolding rates are faster than those of the wild-type. The magnitude of these rate accelerations is best explained by a lowering of the energy barrier of the transition state. This may be due to the fact that the two-glycine linker is much more¯exible than the native AspAla sequence, and can thus sample conformations more readily. This¯exibility could make the transition state more accessible and lower the energy barrier for the unfolding and folding processes. Alteration of the structure of the transition state appears to be limited to the proteins with the shortest loops. As loop length is systematically increased to three glycine residues and beyond, the refolding rates of the fast and slow phases decrease while unfolding rates increase (Figure 7 ). This behavior re¯ects the effect of the entropic cost of loop closure. Longer loops have more degrees of freedom, and thus require more energy to constrain them upon protein folding. The presence of At the longest loops, the changes in rate have leveled off considerably, particularly in the slow refolding phase. The inverse dependence of the folding rate on loop length also makes sense if Rop folding is viewed from the perspective of a diffusion-collision model. The longer the loops connecting the nascent structural elements, the more dif®cult it is for the elements to encounter each other in order to initiate productive folding. Two other recent studies have explored the role of loop length on folding kinetics. Serrano and colleagues examined two circular permutants of the a-spectrin SH3 domain, a small protein composed mainly of b-sheet structure (Viguera & Serrano, 1997) , while Fersht and colleagues inserted repeats into the loop of chymotrypsin inhibitor-2 (CI-2; Ladurner & Fersht, 1997) . Their results reveal a similar trend: as loop length increases, the unfolding rate increases while the refolding rate decreases. However, similar changes in loop length resulted in much more pronounced changes in folding and unfolding rates in Rop than was observed with these two proteins. Equilibrium stability values may explain some of the difference. The a-spectrin loop length variants only span 0.8 kcal mol À1 , and the cost of each additional CI-2 loop residue is approximately 0.04 kcal mol À1 , compared with Rop's range of 2.5 kcal mol À1 . Another important point is that the altered loop in a-spectrin is not native to the protein, but was created during the construction of the circular permutants by connecting the protein's original N and C termini. Because these regions are not connected in the native structure, a new loop connecting them may possess additional tolerance for alteration in length or sequence that would not be present in a tight native loop. Alteration of this loop may not be expected to have a profound effect on the folding pathway. Similarly, studies in which the loop of interest in CI-2 is cleaved demonstrate that this region is not essential for proper folding (Neira et al., 1996) . In addition, both the a-spectrin and CI-2 variants appear to have the same transition state as the respective native proteins, and therefore changes in rate constants are more closely restricted to entropic effects. Loops have different degrees of in¯uence upon different parts of Rop's folding pathway. The fast phase is more profoundly affected by loop length and protein concentration than is the slow phase, which is reasonable if the fast phase involves the formation of the partially helical hairpins. A longer and more¯exible loop not only has a direct effect on the formation and stability of a hairpin structure via a loop closure mechanism, but also has some in¯uence on the slower phase. One could envision a¯exible loop increasing the length of time necessary for the assumption of Rop's ®nal structure, particularly in regions close to the loop, at the ends of the helical bundle.
Relation of these mutants to Rop mutants with repacked cores
Previous studies have shown that repacking Rop's hydrophobic core with leucine and alanine residues dramatically increases the rates of folding and unfolding (Munson et al., 1997) . Before we began the kinetic studies of the loop-length mutants, we considered the possible results in the context of the core mutants. In one scenario, a¯ex-ible loop might interfere with proper core packing at the end of the helical bundle. The kinetics of this protein would then resemble those of a core mutant with repacked end layers. An alternative possibility would arise if the accelerated kinetics of the repacked mutants originated from their higher proportion of core residues with strong intrinsic a-helix forming propensities (Chakrabartty & Baldwin, 1995) . The loop-length mutants, which maintain the wild-type helical sequence, would be expected to exhibit relatively slow unfolding.
Neither of these two scenarios is observed. The fast unfolding and folding of the Gly loop mutants cannot arise solely due to helical propensities, as the magnitude of rate acceleration does not equal that of the core mutant with repacked end layers. Therefore, it appears that the origin of the wildtype's slow unfolding cannot be localized to a single structural element, i.e. speci®c core residues, precise packing, or loop¯exibility. Instead, the complex kinetic behavior seems to re¯ect a balance of interactions involving the entire protein.
General applicability
By studying the kinetics of the loop-length variants, we were able to dissect Rop's folding pathway, discovering which particular steps and intermediate structures were affected by loop closure and hairpin formation. Loop length alteration and subsequent analysis of its thermodynamic and kinetic effects may prove to be useful as a general method by which to investigate the role and importance of a speci®c loop within a protein. The most dramatic effect of loop alteration would be to prevent proper folding; a longer loop could also result in the addition (or removal) of steps in the folding pathway. A change in folding rate that cannot be directly attributed to entropic costs may indicate a change in a transition state. Finally, kinetic data obtained through a loop-lengthening experiment can be used to test potential folding models. For instance, if two structural elements are thought to interact late in the folding pathway, the replacement of a native loop between them with a longer sequence should have an effect at longer time-scales.
Materials and Methods

Protein folding conditions
Wild-type Rop and its loop-length variants were overexpressed in Escherichia coli and puri®ed as described (Munson et al., 1994; Nagi & Regan, 1997) . The nomenclature for the proteins is Gly x , where x refers to the number of glycine residues in the loop. Glycine was selected to maximize loop conformational freedom while minimizing loop interactions and preventing helix propagation. Folding and unfolding experiments used standard buffer conditions of 100 mM sodium phosphate (pH 7), 200 mM NaCl, 1 mM DTT. Before refolding experiments, wild-type protein was denatured in 6.4 M GuHCl buffer overnight to ensure complete unfolding. The loop-length mutants were unfolded in 3 or 4 M GuHCl for at least 15 minutes, adequate equilibration time for these faster unfolding mutants. All preincubation was performed in the presence of 10 mM DTT.
The GuHCl stability data for the native wild-type Rop shown in Figure 1 was determined by Munson et al. (1994) . The values shown are fraction of native protein folded as a function of GuHCl concentration, based on measurements of CD ellipticity at 222 nm for preequilibrated samples.
Protein concentration determination
Protein concentrations were determined by absorbance at 278 nm (using the extinction coef®cient e 2840 M À1 cm À1 per monomer) and con®rmed by measuring the CD ellipticity at 222 nm. We estimate errors in protein concentration to be approximately AE3 %. The concentrations of stock GuHCl solutions were determined by measuring refractive index with an Atago R5000 refractometer (Atago, Japan). We estimate errors to be approximately AE1 %.
Stopped-flow fluorescence studies
Stopped-¯ow¯uorescence experiments were performed on a Kintek SF-2001¯uorimeter (Kintek Instruments, State College, PA), thermostatted at 20 C, with a 0.5 cm path-length. Refolding or unfolding was initiated through tenfold dilution of denatured or native protein with selected concentrations of GuHCl-containing buffer to achieve the appropriate ®nal denaturant concentrations. The intrinsic tyrosine¯uorescence was excited at 275 nm and detected above 289 nm, with a 320 nm cutoff Corion ®lter in place (Holliston, MA). The ®nal protein concentration was 100 mM, except in experiments probing protein concentration dependence of refolding, where that parameter was varied from 20 to 100 mM. There are no GuHCl-related changes in¯uorescence that are not due to protein folding or unfolding.
Under all conditions, wild-type Rop exhibits coincident folding and unfolding equilibrium and kinetic traces whether monitored by CD or¯uorescence techniques (N. van Nuland, C. Dobson, L.R., J. Yang, A.D.N. unpublished observations). Fluorescence was selected for this study rather than CD because of its greater sensitivity.
Data analysis
Raw data were ®tted, using the application Kaleidagraph (Synergy Software), to either a single or double exponential decay function:
where S(t) is the signal at time t, S 0 is the signal at time t 0; k, k 1 and k 2 are rate constants of the single phase or of the fast and slow phases, respectively, and A, A 1 , and A 2 are the signal amplitudes associated with those rate constants. To determine whether the data ®t better to a single or a double exponential, residuals to each ®t were calculated, and the ®t displaying smaller and more random residuals was used in the data analysis. Data sets represent the average of at least four, and more typically eight to ten, separate mixing events. The standard deviation for the rate constants derived from individual ®ts is approximately AE1 %. Typically, the standard deviation of the average rate was approximately AE5 %. The average rate constants are then used to determine rate constants in the absence of denaturant by linear extrapolation of a plot of ln k versus [GuHCl] to zero molar GuHCl concentration. To generate this line for each protein, at least ®ve and generally more than six individual denaturant concentrations were used. Accounting for the uncertainty in the individual rate constants, combined with uncertainties in protein and denaturant concentration, we estimate that the reported refolding rate constants have an associated error of AE20 %.
Double-mixing experiments
Double-mixing studies used the stopped-¯ow apparatus in a three-syringe mode (Kuan et al., 1993) , with the following additions and modi®cations to the experimental conditions described above. Protein was initially denatured in 6 M GuHCl, refolding was initiated by tenfold dilution and allowed to proceed for a length of time through the use of a delay line. After this refolding time, unfolding was initiated by rapid addition of GuHCl-containing buffer in a 1:1 ratio using a third syringe. Data shown in Figure 3 were obtained by refolding in 0.55 M GuHCl, and subsequently adding 3 M GuHCl for a ®nal concentration of 1.775 M.
